Abstract Determining the relative brightness of the solar corona is one of the most critical stages in solar eclipse studies. For this purpose, images taken with different exposures and polarization angles in white-light observations are used. The composite image of each polarization angle is produced by combining the images of different exposures. With the help of the intensity calibration function of these images, the relative intensity of the corona can be calculated. The total brightness of the solar corona is calculated using Stokes parameters obtained from intensity values of three polarization angles. In this study, two methods are presented: the first is used to obtain the intensity calibration function of the photographic material using calibration images, and the second is used to calculate the combined intensity values of images taken with different polarization angles.
Introduction
Total solar eclipses are important celestial events that occur rarely. Their main significance originates from the visibility of the solar corona with the naked eye. The solar corona is the outer and enigmatic part of the Sun's atmosphere. Although its particle density is very low, its temperature is very high and reaches a few million degrees (Gabriel, 1976; Fontenla et al., 1993) . In addition, this layer has a brightness of about a millionth of the solar photosphere, which makes it hard to observe (Golub and Pasachoff, 2010) . These obscurities render every total solar eclipse significant. The general shape of the solar corona mainly depends on the magnetic field of the Sun. Therefore, variations in the magnetic field distribution around the solar disk cause changes in the observed shape of the corona.
These variations are seen in solar eclipse observations as changes in coronal shape from one eclipse to another, depending on the solar magnetic activity or solar cycle. Sometimes many coronal structures are relatively concentrated near the equator during solar minimum, while the coronal structures during maximum are distributed across the whole solar disk. Examples of these cases are shown in Figure 1 . The most prominent feature of the corona is the brightness gradient. In coronal structures smooth transitions in brightness are observed. This is due to the radial distribution of the particles -mostly electrons -that disperse above the photosphere. In eclipse studies, the light coming from the corona is accepted as photospheric light scattered to the line of sight by free electrons (van de Hulst, 1950) . The magnitude of the observed brightness is proportional to particle density (van de Hulst, 1950; Saito, 1970) . The coronal light brightness determination does not only provide the brightness intensity, but also gives an opportunity to calculate the particle density.
Coronal roll film image brightness determination is a demanding process and has several stages such as bathing and drying films, scanning and importing the data into a digital environment, cleaning and processing the transferred pictures, and finally calibrating the brightness. Most of these stages like the bathing, scanning, and cleaning, are no longer carried out since digital cameras have taken up the role of film cameras in eclipse observations. Todays, the only important stage for the eclipse images is correctly calibrating their brightness. The calibration process is mostly performed by the combined use of both stepwedge densities and exposure-intensity profiles of the films.
The calibration process depends on predetermined values provided by the film manufacturers. Using the first alternative method brightness calibration calculations are accomplished in a straightforward way, which eliminates the need for the aforementioned values. In this approach, filtered solar disk images taken with different exposures and diaphragm openings are used to bring out the intensity calibration function. The relative brightness of every eclipse image is calculated by using this function of the film. This is explained in Section 2. The second developed method serves the purpose of calculating the composite intensity values of each polarization angle. All appropriate information on this subject is given in Section 3. Finally, total brightness values of the observed coronal light are obtained via Stokes parameters described for polarized electromagnetic radiation. Necessary explanations on this subject are given in Section 4, along with the formulas used to obtain the total brightness, polarization degree and polarization angle values.
Alternative Method for Intensity Calibration
Although not as common as in the past, classic black-and-white roll films are used in some eclipse observations, and 35 mm or 6×6 cm roll films of Kodak or Ilford are preferred for this purpose. Roll films are made of light-sensitive material, and this sensitivity shows variations depending on observational conditions. This is crucial for eclipse observations, because very many images are taken with different exposures: before, after and during totality. The weather conditions, temperature of the observation location and warming of the equipment change over time. All of these effects cause variances in the sensitivity of photographic material during the observation.
Different exposure times are used to reveal whole coronal structures as much as possible. Short exposures are used for bright parts of the corona and long exposures for the faintest parts. In the solar disk shots that are taken for calibration, however, the saturation effect in long exposures is more prominent than in eclipse images. To reduce this effect, many diaphragms with different apertures are placed in front of the telescope. The number of diaphragm openings is adjusted according to the telescope aperture. For large areas more diaphragms are used, and for small areas fewer are used. When these are identified, filtered solar disk images are taken with predetermined exposures for every selected diaphragm opening. Some pictures taken at the total solar eclipse of 29 March 2006 (hereafter referred to as TSE2006) are shown in Figure 2 .
TSE2006 observation was carried out by the staff of the Astronomy and Space Science Department of Istanbul University in the Manavgat district of Antalya. For this observation, a 35mm Kodak T-max 100 black-and-white roll film in ISO 100/21
• format was used. Kodak Professional D-76 Developer was used as the development solution in the bathing process. The film remained in the developer for 4 minutes at room temperature (20-24
• C) and was left in the stabilizing solution for approximately 15 minutes after 35-40 seconds in the fixing bath. The last bathing of the film was made, and it was left to dry. All photos were transferred into the computer environment via the Mikrotek ArtixScan 4000t Film Scanner.
Descriptions of Normalized and Relative Intensities
The coronal brightness is usually expressed in terms of the observed brightness of the photospheric solar disk and this shows a ratio that indicates the relative Figure 2 . Some samples of solar disk images taken at TSE2006. Numbers on the left are exposure times in seconds, and numbers at the top are the radius of diaphragm openings in millimeters. In the right-most images, the solar disks are shifted to prevent the background from becoming saturated.
intensity. With a similar approach, a new ratio is defined as a "normalized intensity" which is the value of the image intensity divided by its background intensity. Because very many images taken at different exposures and diaphragm openings, however, the background intensity of every image is different. Therefore, a misleading situation would arise if every image were normalized within itself. The intensity changes between different exposures would be neglected. To indicate this situation correctly, the shortest exposure background intensity value is selected as a unit background intensity. Thus, the normalized intensity (I N ) is defined by
where I 0 is the average intensity value of the considered area and I min is the average intensity value of the shortest exposure background. The average intensity of a solar disk image is calculated as the mean value of the pixel intensities within a particular area on the disk. This particular area can be any desired width such as 50 × 50 or 100 × 100 pixels in size, but it must be large enough to represent a general average value. The location of the area on the disk must be chosen carefully: it must not be close to the center or the edge of the disk because of saturation effects in the center and because of the limb-darkening effect at the edge. To calculate the average background intensity value, four different areas are selected that lie fairly close to the four corners of the disk frame, and the average value of these areas is taken as an average background value of the frame. Samples of such areas are shown in Figure 3 as yellow (corners) and red (disk) boxes.
The brightness measured in the focal plane of a telescope depends on various parameters such as sensitivity of the used photographic material, exposure time, and light transmissions of the solar filter and polarizer. The instrument aperture and diaphragms and the average observed solar disk intensity should also be taken into account. With the aid of the explanations given in the books by McCluney (1994) , the "Introduction to Radiometry and Photometry", and by Arech et al. (2007) the "Field Guide to Illumination", the observed solar disk intensity I 0 can be defined by
whereĪ is average intensity of the apparent solar disk, f int and f pol are the light transmissions of the solar filter and polarizer, respectively, t is the exposure time, and A 0 and A D are the area of telescope aperture and diaphragm openings, respectively. In accordance with Equation 2, the relative intensity I R is defined as the ratio of the observed disk intensity to the average intensity of the apparent solar disk, and it is given by
Here, the relative intensity depends on the exposure time and materials used in the observation. From a general point of view, relative and normalized intensities show the same brightness from different perspectives. In other words, the average intensity of an energy source is shown by the relative intensity from an analytical aspect and the normalized intensity from an observational aspect. When a graph is drawn between the relative and normalized intensities, an intensity calibration function is obtained by fitting a least-squares curve. With this function, it is possible to convert any normalized intensity into relative intensity. At this point, giving some numerical samples is more appropriate to facilitate understanding of the relationship between them.
An Example for Normalized and Relative Intensities
The measured intensity values of the solar disk and its background in calibration images taken at TSE2006 are listed in Table 1 . All intensity values are given in pixel intensity which ranges from 0 to 65535. The average background intensity value is measured as 5874. This is the median background value of the shortest exposures (1/125 s).
Normalized intensity values were calculated using Equation 1, and the results are listed in Table 2 with the exposures we used. The relative intensity values were also calculated by considering Equation 3 where f int = 1.6 ×10 −5 , f pol = 0.3 and r 0 = 101.6 mm (telescope aperture radius). Figure 4 was obtained using these normalized and relative intensities. In the graph, every exposure value is shown with different symbols to indicate their locations, and the fit curve is represented by the solid line. The obtained fit curve is usually expressed in the form
This is an exponential function notation and in this method, this curve is named the "intensity calibration function" (ICF) for the used photographic material. The shape of the fit curve (in Figure 4) shows that this curve is partly similar to the curve described by Hurter and Driffield (1890) for density-log exposure. From Table 2 and Figure 4 , this function for TSE2006 is obtained as
with a correlation coefficient of R 2 = 0.92. Based on Equation 2, the observed intensity is mainly a function of exposure time and the area of the telescope aperture, but the increase in the relative intensity with exposure is not linear, rather it is almost exponential (Figure 4) . Because the light sensitivity of these films depends on the photographic materials that are used, their sensitivity is not linear, but almost logarithmic (Mees, 1942) . The response of this material to light is rapid, and this shows itself as an exponential increase in Figure 4 .
Calculation of Combined Intensity
Sufficient explanatory information on combining intensities is rarely found in the literature. This part of our study has a particular importance from this perspective. As explained previously, several photographs were taken with different exposures. These images should be combined reversely to accurately reveal the coronal intensity. The algorithm that combines intensities is mainly constructed by analyzing the equation of total coronal brightness in Stokes parameters. Here, three different intensity values are combined by the equation (Billings, 1966) 
where I 0 , I 60 and I 120 are intensities measured at 0 • , 60
• and 120
• polarization angles, respectively. There are three intensities to take into account. The sum is therefore divided by three, which represents their average value. The factor of 2 as a multiplier comes from the equation (Goldstein, 2003) I u = 2 I pol ,
where I u and I pol are unpolarized and polarized light, respectively. This was obtained by integrating the Malus law over whole angles, and it indicates that the unpolarized light intensity is twice that of the polarized light. As a first approach, the combined intensity of images taken with different exposures was calculated by dividing the sum of each image intensity by the number of exposures. For example, five different exposures of 1/2, 1/4, 1/30, 1/60 and 1/125 second, and three polarization angles 0 • , 60
• , and 120 • , were used at TSE2006. Accordingly, the combined intensity of the 0
• polarization angle was calculated by
where I 1/2 is measured intensity value for exposure time 1/2 second, I 1/4 is for 1/4 second and so on. The last part of the equation is a mathematical notation. ΣI exp is the sum of the intensities and n exp is the number of exposures. When the intensity is in question, the exposure time should be taken into account.
According to the definition of an exposure given by Hurter and Driffield (1890) , this is a product of light intensity and time. Therefore the intensity on an image is proportional to the exposure time, and any observed intensity (I obs ) can be defined by
where I src is the source intensity, and t is the exposure time. Hence, because the combined intensity has resulted from the sum of different exposed intensities, the total exposure time (Σt) of the combined intensity must be the sum of the exposure times that were used. For example, for TSE2006, this total exposure time is calculated as As a result, the combined intensity (I C ) for any polarization angle can be given by
Calculated Total Brightness Values of the Solar Eclipse in 2006
The results of the total brightness obtained in TSE2006 are presented as an example or application for the methods described in Sections 2.1 and 3. Several eclipse images are shown in Figure 5 . The intensities of all eclipse images taken at different exposure times were combined using Equation 10 separately for each polarization angle. The composite images (or intensities) of the three polarization angles are shown in Figure 6 . The total coronal brightness values of TSE2006 were calculated using Equation 6, and the results are shown in Figure 7 with selected lines of equal intensities. After all the radial directions at polar angles (PA) were defined with respect to the North Pole of the Sun in the range from 0
• to 350
• with 10
• steps, the distance of every selected isophote was calculated separately through all radial directions. The average distances of all isophotes were obtained by reducing them into one quadrant ranging from 0
• to 90
• in order to compare them with coronal models and several studies of other authors. The calculated values are listed in Table 3 Figure 8 compared to the minimum type coronal model (solid line) of Saito (1970) and seven eclipse observations made by various authors (Young, 1966; Saito, 1948; Ramberg, 1951; Saito, 1956; Klüber, 1958; Saito and Hata, 1964; Waldmeier, 1964) . Each eclipse observation value is shown with a different symbol. The graph shows that the results of TSE2006 are in good agreement with both model and other observational values. 
Discussion
An eclipse observation without polarization does not provide any information about the intensity of the K corona. White-light polarization observations are necessary to obtain the intensity of the K corona during totality, because the intensity of the K corona can only be calculated using Stokes parameters. The total intensity (polarized and unpolarized), polarization angles and polarization degree of the solar corona were calculated using the intensities of three different polarization angles (0 • , 60
• , and 120 • ) (Billings, 1966; Goldstein, 2003) . After the total intensity was obtained, the contributions of unpolarized light, the sky, the instrumentations, and the F corona had be subtracted in order to obtain the intensity of the K corona.
In these studies calibrating the intensity is challenging and requires careful operations. The lack of information on this subject in the literature renders adds to this challenge. One of the aims of this study was to provide a straightforward approach for calculating the intensities of eclipse images and for obtaining the total brightness of the solar corona. The total brightness was obtained using another method, which combines the intensity values of different polarization angles. Another aim was generating an intensity calibration function that uses observational values. The developed calibration method is a practical method: only normalized and relative intensities are calculated. These parameters depend only on observational devices such as diaphragms, telescopes, and filters, and on parameters such as exposure time and the area of devices that the light passes through. This method was developed for all types of detectors. Figure 4 shows that short-exposure values are located in the lower-left part of the curve and long-exposure values in the upper-right part. This means that the curve strictly depends on exposure times. The range of exposure times to be used therefore needs to be selected carefully to construct this calibration curve properly. The range also needs to be wide enough to show the calibration curve's sensitivity for both short-and long-exposure times. Short-exposure times must be selected as short as possible, whereas the long exposures should be kept as long as possible to give the opportunity of detecting the lower and upper intensity limit of the film sensitivity, respectively.
One of the important parameters for eclipse observations can be obtained with the intensity calibration function, which gives the intensity contributions of the sky and instruments (I A+S ) relative to the total measured intensity. As explained in Section 2.1, all intensities used in the calibration curve are normalized values, so that they are observational values. As a result of this the formed intensity calibration function is also observational. The lowest normalized intensity value in the calibration function gives the lowest relative intensity value indicating the far area from the solar disk, because the number 1 in the normalized intensity represents the relative background intensity. These far areas in the calibration images can be thought of areas that are not affected by the disk light. As a result of this approach, this intensity can be accepted as the sky intensity. Moreover, as observations are made using telescopes and other devices, their contributions to the observed intensity also needs to be taken into account. Thus, the lowest relative intensity represents the "intensity contributions of the sky and instrumentation". In the TSE2006 observation, this I A+S value was calculated as 0.95 × 10 −8Ī using Equation 5. The value obtained in this way is greater than the values of The reason might be the telescope size (8-inch reflector) . This telescope can analyze the solar corona up to 1.4R . On the other hand, the same method was used for the solar eclipse of 11 August 1999, and the obtained I A+S value 0.63 × 10 −8Ī is in good agreement with the 0.5 × 10 −8Ī value of Kulijanishvili and Kapanadze (2005) , who observed the same eclipse. Parameters obtained from the calibration images taken at the 1999 eclipse and a graph of the intensity calibration function are also given in Appendix A with explanations and tables.
Methods for producing the composite images or combined intensity values of different polarization angles may be commonly known, but not enough explanatory sources are available in the literature. The method given in here is very simple to understand and has an easy-to-use formulation in general. Figure 8 shows that the obtained total intensities for TSE2006 agree well with the values given in the literature. The same agreement should be checked for in other eclipse observations. In the coming years, these methods will be tested as much as possible on new data of future eclipse observations. and diaphragm openings. In this observation, the light transmission of the solar filter and polarizer was f int = 1.6 × 10 −5 and f pol = 0.3, respectively. A graph drawn between normalized and relative intensities is shown in Figure 9 . The obtained intensity calibration function from this graph is given by I R = 2.6284 × 10 −9 e 0.8816
where the correlation coefficient is R 2 = 0.97. The sky and instrumental contributions value is calculated as 0.63 × 10 −8Ī for this observation. 
